The toxic dinoflagellate Alexandrium fundyense is widespread in the northeastern part of North America, including the Gulf of Maine, and is responsible for seasonal harmful algal blooms in these regions. Even at low cell densities, A. fundyense toxins can accumulate in shellfish and result in paralytic shellfish poisoning (PSP). PSP can be debilitating or lethal to humans and other shellfish consumers and is a public health concern. As a result, accurate measurements of A. fundyense distributions, particularly at low cell density, are critical to continued PSP monitoring and mitigation efforts. Towards this end we have developed a realtime quantitative PCR (qPCR) method to monitor A. fundyense. Laboratory validation indicates that the qPCR assay is sensitive enough to detect 10 cells per sample, and that it does not detect co-occurring dinoflagellates such as Alexandrium ostenfeldii. The qPCR methodology was used to quantify A. fundyense cell densities in samples collected during a spring 2003 transect in the Gulf of Maine, and the data were compared to those obtained in parallel from light microscope and DNA hybridization-based methods. Results show that A. fundyense cell density was low during this period relative to typical cell densities required for PSP contamination of local shellfish, and that qPCR values were comparable to numbers determined by independent methods. #
Introduction
Harmful algal blooms (HAB) cause serious public health and economic impacts on a global scale (Hallegraeff, 1993; Van Dolah, 2000; Hoagland et al., 2002) . For example, some species within the marine dinoflagellate genus Alexandrium are responsible for paralytic shellfish poisoning (PSP) along the coastlines of the US, Canada, and many other countries (Hallegraeff, 1993; Anderson, 1997) . PSP can result in serious illness, or death if humans ingest sufficient shellfish contaminated with the dinoflagellate toxins (Van Dolah, 2000) . Observations of Alexandrium and PSP outbreaks in the northeastern US indicate that populations accumulate in a variety of oceanographic www.elsevier.com/locate/hal Harmful Algae 5 (2006) [242] [243] [244] [245] [246] [247] [248] [249] [250] habitats (Anderson, 1997) and there is considerable interest in the population dynamics of this genus both in the US and globally.
There are a number of challenges to monitoring coastal waters for the presence of potentially dangerous HAB species. To adequately map populations, high-density spatial and temporal sampling is required. Furthermore, HAB taxa can be difficult to identify because of the morphological similarities between toxic and non-toxic strains or genera. In the case of Alexandrium fundyense, there are two serious challenges: the fact that A. fundyense can result in shellfish contamination even at very low cell densities, and the presence of many non-toxic, co-occurring strains and species that closely resemble toxic A. fundyense. These challenges have driven substantial work on developing sensitive, quantitative, and/or high throughput procedures for determining A. fundyense cell number in different systems.
There are a number of different enumeration methods that have improved Alexandrium detection and monitoring. Several probe-based techniques are available that fluorescently label intact A. fundyense cells with either antibody or oligonucleotide probes for subsequent detection with epifluorescence microscopy (Anderson et al., 1999) . These approaches have been enormously useful, but drawbacks include the time and labor involved in microscope counts and the potential effects of cell physiology on labeling efficiency (Anderson et al., 1999) . Probes have also been used in higher throughput, multi-well plate formats. One example is the development of a semiquantitative assay involving PCR coupled to radiolabeled probes or in ELISA-type formats Magnani, 1999, 2000) . ''Sandwich'' type rRNA hybridization techniques similar to those developed for the toxic diatom Pseudo-nitzschia (Scholin et al., 1996) have also been applied to the enumeration of Alexandrium (Scholin and Anderson, 1998; Anderson et al., in press ). Again, these approaches are all valuable, but have unique challenges in either sensitivity, quantitation, or throughput. Recently, there has been an increasing interest in the ability to quantitatively identify the amount of starting nucleic acid in a sample by real-time observations of PCR kinetics. With the recognition of nucleic acid amplification-based approaches as a valid, sensitive tool for monitoring the abundance of microorganisms, such methods have been developed for a variety of harmful genera including: Pfiesteria (Bowers et al., 2000; Saito et al., 2002) , Karenia (Gray et al., 2003; Casper et al., 2004) , Aureococcus (Popels et al., 2003) , and Alexandrium minutum (Galluzzi et al., 2004) . These studies highlight the value of PCR-based assays for monitoring toxic algae. In this study, we develop and validate a real-time quantitative PCR (qPCR) assay for enumerating saxitoxin-producing A. fundyense in the Gulf of Maine.
Methods

Cultures
Cell cultures were grown in f/2 medium between 15 and 20 8C in cool white fluorescent light (about 200 mmol quanta m À2 s À1 ) on a 14-h light:10-h dark cycle. The f/2 medium was made with 0.2 mm filtered local seawater (salinity of about 31 psu) with silica added only when growing diatoms (Guillard, 1975) . Growth in the cultures was evaluated using a fluorometer (Turner Designs), or via cell counts on Utermöhl (1958) preserved samples. For analysis, cells were harvested by centrifugation (3000 Â g for 5 min) in mid to late log phase and either processed immediately or stored frozen in liquid nitrogen. All cultures used in this study are listed in Table 1 .
Field sampling
Field samples were collected from surface water along an onshore to offshore transect in the western Gulf of Maine during a 29 May-6 June 2003 cruise (see Table 3 for station locations). Two saxitoxinproducing species of Alexandrium occur in the Gulf of Maine: A. fundyense and A. tamarense . We consider these to be varieties of the same species Scholin et al., 1995) , and neither antibody nor oligonucleotide probes can distinguish between A. fundyense and A. tamarense from this region. Only detailed analysis of the thecal plates on individual cells can provide this resolution, but this is not practical for large numbers of field samples. Accordingly, for the purpose of this and other field studies we use the name A. fundyense to refer to both forms.
At each station, 4 L of surface water was drawn from a Niskin bottle, prescreened through a 64 mm sieve, and collected onto 15 mm Nitex cut to fit a 47 mm filter tower. These samples were immediately stored in liquid nitrogen for subsequent PCR analyses. Additional surface samples for other cell count procedures were drawn from separate Niskin bottles. One sample of 2 L was concentrated, preserved in Utermöhl's solution, and counted immediately. For oligonucleotide-based A. fundyense and A. ostenfeldii counts, 8 L of water were sieved onto a 20 mm mesh Nitex screen, and the cells retained on the screen were washed back into a 15 mL tube and preserved in 5% formalin. After 20 min, the cells were centrifuged for 10 min at 3000 Â g, the supernatant was aspirated, and the cell pellet was transferred into methanol for storage. Note that this sampling procedure differed substantially from the procedure used to collect samples for the qPCR analyses.
Cell detection and quantification via the oligonucleotide labeling procedure has been described previously (Anderson et al., 1999) and this cell enumeration technique has been extensively used in field studies of the Gulf of Maine region (Dyhrman and Anderson, 2003; Anderson et al., in press; Gribble et al., in press ). In brief, a dual labeling protocol was employed, using the oligonucleotide probe NA1 (Anderson et al., 1999 ) specific for the North American A. fundyense/tamarense/catenella species complex and conjugated to FITC, and the oligonucleotide probe Ao (5 0 -ATT CCA ATG CCC ACAGGC-3 0 ) specific for A. ostenfeldii (John, 2003) and conjugated to CY3. The labeled cells were counted using a Zeiss Axioscope fitted with a FITC/ CY3 filter set, excitation 450 nm and emission 750 nm (Chroma Tech.).
Real-time PCR
All cultures and field samples were extracted using a DNEasy kit (Qiagen) according to the manufacturer's instructions with a minor modification in the lysis procedure. Lysis was performed by digestion with proteinase K for 4 h at 55 8C, followed by two 80 s cycles in a mini-beadbeater (BioSpec Instruments) with 0.5 mm zirconium beads. The resulting lysate was transferred to a clean tube and processed in accordance with the remaining steps of the DNEasy protocol. PCR primers were designed to amplify a 174 base pair sequence of the ribosomal large subunit (LSU) gene. The forward primer (5 0 -GAATG-CAAAGTGGGTGG-3 0 ) was designed from an alignment of publicly available Alexandrium strain sequences. A previously designed oligonucleotide (NA1) was used as a reverse primer (Anderson et al., 1999) . The NA1 oligonucleotide is specific to toxic North American ribotypes of the Alexandrium fundyense/tamarense/catenella species complex (Scholin et al., 1994) . PCR amplification was performed in 25 mL reactions with final concentrations of 150 nM for forward and reverse primers, 1.25 mL template (1.25% of the total sample DNA volume), 0.2 mM dNTPs, 1Â Taq polymerase buffer (Fisher), and 0.5 mL (2.5 units) of Taq polymerase (Fisher). A modified hot start procedure was employed to maximize amplification, using the following cycle conditions: 5 min at 98 8C, hold at 60 8C to add a master mix including the Taq, followed by 40 cycles of 95 8C for 1 min, 60 8C for 1 min, 72 8C for 2 min, and a final extension of 72 8C for 7 min. Gradient PCR from 50 to 70 8C was used to determine the optimal annealing temperature of 60 8C.
The qPCR analyses were performed using Brilliant SYBR Green QPCR Master Mix (Stratagene), with template and primer concentrations as above with 12.5 mL of Brilliant SYBR Green Master Mix in 25 mL reactions. The cycle conditions were as above with the addition of a melt curve protocol at the end of the program. In all cases, melt curves were used to confirm single amplification products for the different reactions, and in select cases amplification was also confirmed with agarose gel electrophoresis.
The fluorescence threshold was set by the analytical software for the iCycler (BioRad). The PCR cycle during which this threshold was crossed for each sample was designated the C T . The reported C T is the average of triplicate field samples, standards or internal controls. Sample C T can be compared to the C T of standards with a known cell count to specify the number of cells present in the sample. PCR efficiency (E) was determined using the equation E = 10 (À1/slope) . Using qPCR, the number of cells in a field sample was determined through a comparison to a standard curve. Standards of 100, 500, and 1000 cells were prepared via dilution of a concentrated cell stock onto nitex screens. A 10 cell standard was prepared by direct isolation of cells via micropipette. Each standard was separately extracted to account for variable extraction efficiency at different cell concentrations. To account for potential variability in the target copy number between strains, all standards were made from a mixed stock of seven A. fundyense isolates from the Gulf of Maine. All of the strains used in the mixed standards were shown to individually amplify with the primer set, and the slopes of standard curves using individual isolates were very similar.
Cloning and sequencing
The PCR amplicon generated from the station 89 sample was cloned into the pGEM-T-Easy vector (Promega) according to the manufacturer's instructions. Plasmids were screened for the presence of the insert with an EcoR1 digestion and then purified with QIAprep Miniprep kit (Qiagen). DNA sequencing was done using an ABI 3730xl at the Josephine Bay Paul Center of the Marine Biological Laboratory according to the facility's protocols. Briefly, 200-400 ng of plasmid template was combined with 7.5 pmol of vector primer (M13F or R), 1 mL of ABI BigDye Terminator v3.1 cycle sequencing mix, and 1.7 mL of 5Â sequencing reaction buffer in a final volume of 6 mL. The cycle sequencing program consisted of 25 cycles of 96 8C for 10 s, 50 8C for 5 s, and 60 8C for 4 min. Unincorporated labeled nucleotides were removed by isopropanol precipitation, and the reaction products were resuspended in formamide for analysis.
Results
To assess the specificity of the primer set used in the qPCR assay a number of different phytoplankton cultures were tested. Under the conditions used here, amplification only occurred in members of the A. fundyense/tamarense/catenella species complex within the North American ribotype, including cultures isolated from the Gulf of Maine and local embayments (e.g. Casco Bay, Perch Pond) or from the Puget Sound (Table 1) . Notably, the primers did not amplify DNA from A. ostenfeldii, a species that co-occurs with A. fundyense in the Gulf of Maine, but does not produce saxitoxin. Analyses of the mixed cell standards indicated as few as 10 cells per sample could be reliably detected (Fig. 1) . The standard curve was linear (r 2 = 0.978) over two orders of magnitude and exhibited good efficiency (E = 1.83 or 92%), and replication between triplicate amplifications of each standard (Fig. 1) .
Using qPCR A. fundyense was amplified at stations along a surface water transect in the western Gulf of Maine during a Spring 2003 cruise ( Table 2 ). The concentration of cells detected along this transect ranged from 2.5 to 9.2 cells L À1 (Table 3) . To assess the potential for PCR inhibition by components of the field sample, a dilution series of DNA from cultured Alexandrium cells was added to field sample that contained no Alexandrium cells (Table 2) . No significant PCR inhibition was detected from the background DNA in the field samples using both qualitative (Fig. 2 ) and quantitative analyses (Table 2) .
At one station (89), the PCR product was cloned and sequenced to confirm the specificity of the assay in the field (Fig. 2) . The amplified product from both these stations is identical to several known sequences of toxic North American ribotype A. fundyense and A. tamarense strains (Fig. 3) .
Total Alexandrium cell numbers were also compared to ship-board counts of newly fixed material and with microscope counts of oligonucleotide labeled A. fundyense and A. ostenfeldii (Table 3) . Regardless of the detection method, cell numbers of A. fundyense were low across the transect, ranging from 0 to 78 cells L À1 . Alexandrium cell numbers determined with direct cell counts were typically higher for a given station when compared to data from the qPCR or oligonucleotide probe methods.
Discussion
Alexandrium populations in the Gulf of Maine can result in the contamination of shellfish with PSP toxins even at low cell densities (e.g. 200 cells L À1 ). These toxic, low density populations in the Gulf of Maine pose challenges to scientists and managers trying to monitor harmful blooms. To address these issues, we have developed and validated a qPCR-based detection assay for A. fundyense that is specific and sensitive at low cell density.
The specificity of any amplification-based method is determined by the primer set. The primers used in this study were screened against many dinoflagellates and other potentially co-occurring taxa and found to be specific for the North American ribotype of Alexandrium within the fundyense/tamarense/catenella species complex (Scholin et al., 1994) . Notably, the primers amplified neither Asian isolates within this species complex, nor morphologically similar dinoflagellates such as Scripsiella spp. and A. ostenfeldii. This is significant, because A. fundyense and A. ostenfeldii often co-occur in the Gulf of Maine, but A. ostenfeldii is not linked to PSP outbreaks. Analysis of culture standards indicated that the method is sensitive at low cell number and over a broad concentration range. The qPCR method reliably and reproducibly detected samples containing only 10 cells, which equates to less than one cell per PCR reaction because only a fraction of the total sample volume is used. The ability to detect one cell or less is due to the presence of multiple copies of the ribosomal genes in these organisms; similar results have been observed with other dinoflagellates (e.g. Pfiesteria, Bowers et al., 2000) . The sensitivity of this method is especially useful for low density populations such as those in the Gulf of Maine.
The qPCR assay works well on field samples, and it can be reliably used to detect A. fundyense abundance in natural populations. The specificity of the primer set was confirmed by cloning and sequencing the amplification product from one field station (Station 89). The similarity of the sequence from Station 89 and several A. tamarense and A. fundyense isolates of the toxic North American ribotype (Fig. 3) indicates the specificity of the assay and further highlights the contiguous nature of North American and Northern European Alexandrium populations (Medlin et al., 1998; Higman et al., 2001) .
Field data generated with the qPCR assay indicated that A. fundyense was present, but at low abundance along the transect during the time-frame of the study. Cross confirmation of the presence and low abundance of A. fundyense along the Gulf of Maine transect was obtained with two other independent assays; an oligonucleotide probe method and a direct cell count of fixed material. An analysis of a larger sample set would be useful in drawing direct comparisons between methods. Nonetheless, in a comparison between the oligonucleotide-derived cell count and the qPCR-derived cell count, the calculated abundances were within 20 cells L À1 except for station 89 where the difference between cell numbers estimated with the two methods was 70 cells L À1 . Samples for the different methods were processed from different Niskin bottles, with different concentration techniques (e.g. centrifugation versus filtration) for the two detection methods. Considering the potential patchiness of these low density populations, the data from the qPCR and oligonucleotide methods was strikingly similar.
In a comparison of the qPCR method and the directly counted sample (Utermöhl-fixed, light microscope count) the cell numbers were quite close for several stations. However, the numbers varied more widely in the light microscope counts, due to the presence of A. ostenfeldii in those samples (Table 3) , as many of the cells of this species cannot be distinguished from A. fundyense due to size, shape, and pigment similarities. Here again the qPCR assay appears robust, as cell numbers were not elevated at stations with high A. ostenfeldii concentrations. Moreover, sequence analysis at one of these stations (Station 89) confirmed an A. fundyense gene sequence. Because of the need for widespread spatial and temporal analyses to both protect shellfish consumers and better understand bloom dynamics, the qPCR assay has some advantages over other approaches that require substantial microscopic analysis. Samples can be extracted and analyzed in a 96-well format, minimizing the time required for sample preparation. In addition, the 96-well plate format of the real-time PCR instruments allows for the analysis of standards, controls, and up to 24 unknown samples, all in triplicate, during a single PCR run lasting approximately 4 h. With these advantages also come some challenges inherent to the qPCR methodology. These challenges include accounting for DNA extraction efficiency, variability in the target copy number, and PCR efficiency and inhibition. Difference in extraction efficiency for varying numbers of Alexandrium cells was assessed by extracting DNA from individual standards, rather than from one high concentration cell standard that is subsequently diluted. The linearity of Fig. 3 . Sequence alignment comparing known Alexandrium fundyense/tamarense/catenella LSU gene sequences and the sequence cloned from Station 89. Strain and sample designations are as follows: GTMPSHER, Alexandrium fundyense from Orleans, MA (Scholin et al., 1994) ; AFNFA3.2, Alexandrium fundyense from Newfoundland (Scholin et al., 1994) ; Alex61-2, Alex61-1, UW4-1, UW4-2, Alexandrium tamarense from UK waters (Higman et al., 2001) ; 89: Station 89 from the Gulf of Maine. our standard curves indicates that extraction efficiency was consistent for samples containing up to 1000 cells, which is higher than that commonly seen in field samples. To compensate for potential differences in target copy number in field populations, we used a standard containing multiple clonal isolates of A. fundyense from the study area. For the application of this assay in other environments, it is important to choose cultured isolates for standard curves that are appropriate to the local population of Alexandrium and its diversity. In our application of the method to Alexandrium in the Gulf of Maine, we had good PCR efficiency (92%), which is in the range of other studies (Pfaffl, 2001) . We also did not see significant PCR inhibition from the background matrix of DNA in our field samples. However, this must be addressed empirically for anyone wishing to utilize this or similar assays for the quantification of field samples. A modified qPCR approach that incorporates an internal DNA standard has been employed by Coyne et al., in press . The internal standard is added prior to DNA extraction and provides an independent assessment of extraction efficiency and PCR inhibition for each sample. The use of an internal standard addresses some primary challenges of these methods and may therefore be advisable for future implementation of qPCR assays. Regardless of the method employed, there are inherent challenges to quantifying cell number, particularly at low abundance and in mixed communities (Freeman et al., 1999; Culverhouse et al., 2003) . However, the present data indicate the specificity, sensitivity, and utility of the qPCR assay for the detection and quantification of toxic A. fundyense in field populations.
Conclusions
There is an ongoing need for sensitive, high throughput methods for screening field populations of harmful algae. Here, we have described the development of a qPCR-based assay for monitoring field populations of toxic A. fundyense. This approach does not require taxonomic expertise, is sensitive, and it offers high throughput capabilities. With the current primer set, this method has broad applicability for studying and monitoring populations of Alexandrium from the fundyense/tamarense/catenella species complex along both the Atlantic and Pacific U.S. coasts.
